Abstract. The proteasome inhibitor bortezomib is a promising novel agent in bladder cancer therapy; however, inducible cytoprotective mechanisms may limit its potential efficacy. To date, the cellular and molecular effects of proteasome inhibitors on bladder cancer cells have been poorly characterized. Despite the consistent rate of initial responses, cisplatin treatment typically results in the development of chemoresistance, leading to therapeutic failure. Therefore, the present study aimed to characterize the molecular mechanisms underlying the anti-proliferative effects of cisplatin and bortezomib combination therapy on the human T24 bladder cancer cell line, by analyzing the protein expression levels of apoptotic genes. Cytotoxic effects were measured using a water-soluble tetrazolium salt-1 assay, and the apoptosis-associated molecules were examined using western blot analysis and ELISA. It was observed that combined administration of cisplatin and bortezomib induced upregulation of caspase-3, -8 and -9, B-cell lymphoma-2 (Bcl-2)-like 11 and Bcl-2-interacting killer, but downregulated Bcl-2 and Bcl-extra large protein expression levels in T24 cells in a dose-dependent manner. Furthermore, enhanced protein expression of caspase-8 and -9, in line with the significantly increased caspase-3 activation, was detected when the cells were treated with a combination of cisplatin and bortezomib, compared with that of either agent alone. Bortezomib appeared to synergize with cisplatin to promote apoptosis via the extrinsic and intrinsic apoptotic pathways. Taken together, the results of the current study provide the preclinical framework for additional evaluation of the effects of combining bortezomib with other agents to induce apoptosis in bladder cancer cells.
Introduction
Systemic chemotherapy is one of the primary modalities used to improve the survival of patients with metastatic urothelial cancer (UC). Cisplatin-based chemotherapy remains the standard treatment strategy for patients with metastatic UC; however, despite the administration of various novel combination regimens, the overall response rate varies between 36-69%. Another limiting factor associated with the currently available chemotherapeutic regimens is their level of toxicity. As such, the treatment of metastatic UC with cytotoxic chemotherapy has reached a therapeutic plateau, and the identification of novel treatment modalities is urgently required (1) .
Cisplatin is an effective antitumor agent owing to its ability to induce intra-and inter-strand DNA cross-links (2) . Cisplatin-based combination chemotherapy is currently the primary treatment strategy for patients with advanced bladder cancer, however, its clinical use as an anti-cancer agent is predominantly limited by its association with a high incidence of chemoresistance (3, 4) . One of the known mechanisms underlying chemoresistance is alteration of the apoptotic signaling pathways and a resultant decreased apoptotic response (5) . For example, B-cell lymphoma-2 (Bcl-2) is a significant anti-apoptotic protein, responsible for regulation of the mitochondrial apoptotic signaling pathway. Overexpression of Bcl-2 is known to block apoptosis by preventing translocation of Bcl-2-associated X protein to the mitochondrial membrane and reducing programmed cell death (3). Bcl-2 is frequently upregulated in multiple types of cancer, including bladder cancer (6) . Furthermore, upregulated Bcl-2 protein appears to be crucial in the development of cisplatin resistance (3, 7) . To overcome this resistance, improvements in systemic combined chemotherapeutic regimes and the development of novel treatment regimens are essential. For example, combining cisplatin with other agents is known to enhance its efficiency. These combinations may result in decreased levels of anti-apoptotic protein expression and upregulation of pro-apoptotic protein expression by shifting the balance between cell death and survival (7) . Various studies have demonstrated that proteasome inhibition is the key regulator of intracellular protein degradation (8, 9) . This inhibition promotes the degradation of anti-apoptotic proteins while preventing the degradation of pro-apoptotic proteins, resulting in increased accumulation of pro-apoptotic proteins within the cells, and subsequent cell growth inhibition and programmed cell death in numerous malignant cell types (8, 9) .
Bortezomib is a potent, selective and reversible inhibitor of the 26S proteasome, comprised of a complex multi-subunit protease that controls the degradation of short-lived regulatory proteins involved in various cellular processes, including apoptosis (9, 10) . Previous studies have identified that the bortezomib-induced apoptotic mechanism is the key regulator in the balance of pro-and anti-apoptotic Bcl-2 family proteins (9, 11) . Bortezomib treatment upregulates the expression of pro-apoptotic proteins, including Bcl-2-like 11 (Bim) and Bcl-2-interacting killer (Bik), and downregulates the expression of anti-apoptotic Bcl-2 family proteins, for example Bcl-2 (11) .
The present study examined the anti-proliferative effects of cisplatin and bortezomib, applied alone or in combination, on the human T24 urinary bladder carcinoma cell line. Following treatment with cisplatin and bortezomib alone or in combination, the activation of caspase-3, -8 and-9, and the expression levels of anti-apoptotic [Bcl-2 and Bcl-extra large (Bcl-xL)] and pro-apoptotic (Bim and Bik) proteins were investigated. Furthermore, the current study aimed to establish whether the synergistic effects of combined cisplatin and bortezomib treatment may offer a potential therapeutic approach to overcome cisplatin resistance.
Materials and methods
Cell lines and chemicals. The human T24 urinary bladder carcinoma cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). The T24 cells were cultured in McCoy's 5A medium containing L-glutamine, 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and incubated in a humidified atmosphere of 5% CO 2 at a temperature of 37˚C. Cisplatin was obtained from Sigma-Aldrich (St. Louis, MO, USA) and bortezomib was obtained from BioVision, Inc. (Milpitas, CA, USA)
Cell viability assay. The antitumor effects of single and combined cisplatin and bortezomib treatment on the viability of T24 cells were determined by performing cell proliferation water-soluble tetrazolium salt-1 (WST-1) assays (Roche Diagnostics GmbH, Mannheim, Germany). Half maximal inhibitory concentration values for cisplatin and bortezomib were determined by treating cells with cisplatin (0, 0.5, 2.5, 5, 10 and 20 µM) and/or bortezomib (0, 1, 5, 7.5, 10, 25, 50, 100, 200 and 300 nM). The control cells were treated only with cell culture medium. Briefly, in each well of a 96-well plate, 5x10 3 cells were seeded in 200 µl medium and treated with cisplatin, bortezomib or a combination of the two agents for 24 h. WST-1 solution (10 µl) was added to each well and absorbance was measured after 3 h at a wavelength of 450 nm using an ELISA reader (Spectramax ® M3; Molecular Devices LLC, Sunnyvale, CA, USA) following the incubation period.
Active caspase-3 level. Caspase-3 protein activity was measured using a luminescence assay, according to the manufacturer's instructions [PathScan ® Cleaved Caspase-3 (Asp175) Sandwich ELISA kit; Cell Signaling Technology, Inc. (Danvers, MA, USA)]. Considering that the caspase family of proteases have key effector roles in apoptosis in mammalian cells, the aim was to detect the pro-apoptotic effects of treatment with cisplatin and bortezomib alone or in combination for 24 h. Briefly, addition of the reagent to the wells induced cell lysis, followed by caspase cleavage of the substrate and generation of a luminescent signal by luciferase that was proportional to the level of caspase activity. Caspase-3 activity was quantified by reading the absorbance at a wavelength of 450 nm using a microplate ELISA reader.
Protein extraction and western blot analysis. Western blot analysis of Bcl-2, Bcl-xL, Bim, Bik, caspase-8 and caspase-9 was performed as previously described (12) . Briefly, cells were lysed in lysis buffer (Cell Signaling Technology, Inc.) containing 1 mM phenylmethanesulfonylfluoride (Sigma-Aldrich) prior to treatment with the specified concentrations of cisplatin and/or bortezomib for 24 h. Equal quantities of protein were loaded and separated by 12% SDS-PAGE then transferred to a polyvinylidene difluoride membrane (Thermo Fisher Scientific, Inc.). Following blocking with 5% w/v non-fat milk or 5% w/v bovine serum albumin in Tris-buffered saline with 0.1% Tween 20 (TBST-T), the membrane was incubated overnight at 4˚C with rabbit anti-human Bcl-2 (catalog no. PA5-27094), Bcl-xL (catalog no. PA5-17805), Bim (catalog no. PA5-11385), Bik (catalog no. PA5-20249), caspase-8 (catalog no. PA5-20118) and caspase-9 (catalog no. PA5-19904) (Thermo Fisher Scientific, Inc.) polyclonal antibodies, as well as rabbit anti-human β-actin monoclonal antibody (catalog no. 4970; Cell Signaling Technology, Inc.) as the loading control. All primary antibodies were diluted 1:1,000. This process was followed by incubation with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (catalog no. 31210; dilution, 1:5,000; Thermo Fisher Scientific, Inc.) for 2 h at room temperature. Proteins were visualized using a Kodak Gel Logic 2200 imaging system (Kodak, Rochester, NY, USA) with Luminata™ Crescendo Western HRP substrate (EMD Millipore, Billerica, MA, USA).
Statistical analysis. Each data point was measured in three independent experiments. Cell viability was analyzed by performing one-way analysis of variance and multiple comparison analyses were performed using SPSS software (version 15.0; SPSS, Inc., Chicago, IL, USA). P<0.01 was considered to indicate a statistically significant difference and the results are expressed as the mean ± standard deviation.
Results
Combined treatment with cisplatin and bortezomib enhances inhibition of T24 cell proliferation. Optimal doses of cisplatin alone, bortezomib alone, and cisplatin and bortezomib combined were determined by performing a WST-1 assay. To identify the effects of exposure to cisplatin and bortezomib alone and in combination, T24 cells were treated with various concentrations of cisplatin (0-20 µM) and bortezomib (0-300 nM) for 24 h. The most effective and least toxic doses of cisplatin (Fig. 1A) and bortezomib (Fig. 1B) alone were determined to be 10 µM and 10 nM, respectively. Furthermore, the most effective doses of cisplatin and bortezomib during their combined use were 7.5 µM and 5 nM, respectively (Fig. 1C) . These values indicated that the two agents synergistically enhance cell proliferation inhibition.
Combined treatment with cisplatin and bortezomib enhances caspase-3, -8 and -9 activity.
Treatment of T24 cells with 10 µM cisplatin, 10 nM bortezomib and cisplatin plus bortezomib (7.5 µM and 5 nM) resulted in 2.1-, 2.3-and 3.2-fold increases in caspase-3 activation, respectively. The cause of these significant increases was suggested to be the triggering of cell apoptosis (P<0.01; Fig. 2A ). This apoptosis was associated with more effective induction caspase-3 activation by cisplatin and bortezomib combination treatment of T24 cells, compared with that of the administration of the two agents alone. Furthermore, enhanced activation of caspase-8 and -9 were detected when the cells were treated with cisplatin and bortezomib in combination, in agreement with the effects on caspase-3 activation (Fig. 2B ).
Combined treatment with cisplatin and bortezomib alters the balance of Bcl-2 family protein expression levels. The present study also investigated the effect of cisplatin and bortezomib treatment on the expression levels of the pro-apoptotic and anti-apoptotic proteins of the Bcl-2 family. Overexpression of Bcl-2 protein is associated with the development of cisplatin resistance, with Bcl-2 and Bcl-xL protein expression levels known to be high in cisplatin-resistant T24 cells. Western blot analysis revealed that the expression levels of Bcl-2 and Bcl-xL were not markedly altered following treatment of T24 cells with cisplatin or bortezomib alone, compared with those of the control. However, combined administration of these agents resulted in markedly decreased expression of Bcl-2 and Bcl-xL at the protein level (Fig. 3A) . Furthermore, it was demonstrated that, following treatment with bortezomib alone, only the expression of pro-apoptotic protein Bik increased. However, combined administration of cisplatin and bortezomib led to an increase in the expression of pro-apoptotic proteins Bik and Bim (Fig. 3B) . These results indicated that combined administration of cisplatin and bortezomib may synergistically induce apoptosis. In addition, exposure to a lower-dose drug combination resulted in an anti-proliferative effect.
Discussion
Preclinical studies employing bladder cancer cells have demonstrated that combined therapy with conventional agents may result in greater tumor growth inhibition than that observed following therapy with either agent alone, without inducing significant increases in toxicity (13) (14) (15) . The proteasome inhibitor bortezomib is a promising novel agent in the treatment of bladder cancer; however, inducible cytoprotective mechanisms may limit its potential efficacy (15) . In previous studies, bortezomib has been observed to enhance the activity of cisplatin, particularly in cisplatin-resistant cells (6, 8, (16) (17) (18) . The present study demonstrated for the first time that cisplatin and bortezomib combined treatment induced inhibition of cell proliferation by intrinsic and extrinsic apoptotic signaling pathways in the T24 human bladder cancer cell line. Exposure to a lower-dose drug combination resulted in a significant anti-proliferative effect. The results revealed that cisplatin plus bortezomib combination treatment was more potent than the administration of either agent alone.
The development of resistance to treatment is one of the major limitations to successful cisplatin-based chemotherapy regimes, frequently resulting in poor clinical prognoses. Chemoresistance has previously been associated with the failure of cisplatin to induce apoptosis (3, 19) , the most common response of cells to chemotherapeutic agents. To date, two major apoptotic pathways have been identified in mammalian cells. The first involves caspase-8, which is activated by membrane death receptor-mediated extrinsic signaling pathways, while the second involves mitochondria-dependent intrinsic signaling pathways, characterized by the activation of caspase-9 by cytochrome c release into the cytosol and subsequent apoptosome formation. These extrinsic and intrinsic apoptotic signaling pathways converge at the level of caspase-3 activation (20) . The current study demonstrated that the extrinsic death receptor-and intrinsic mitochondria-dependent signaling pathways were activated following combinatorial treatment of T24 cells with cisplatin and bortezomib. Furthermore, caspases-3, -8 and -9 only exhibited marked activation following combined treatment. Thus, increased caspase activation indicates that combined treatment with these agents induces cell apoptosis. Bortezomib appeared to enhance apoptosis and inhibit proliferation in T24 cells, as well as enhance the growth-inhibitory effects of cisplatin. The current results corroborate those of previous studies performed in various other cell types evaluating the effect of bortezomib treatment on caspase activation and apoptosis (21, 22) .
Although caspase activation has a key role in the mechanism of apoptosis, the primary controllers underlying caspase activation are the Bcl-2 family proteins (23). Bcl-2 protein family members function as key regulators of cellular apoptosis and are important determinants of cellular sensitivity or resistance to chemotherapeutic agents (7), with overexpression of Bcl-2 known to block apoptosis. An association between Bcl-2 upregulation and cisplatin resistance was previously reported in a cisplatin-resistant subclone of the human T24 bladder cancer cell line (3, 6) . Therefore, Bcl-2 may be a significant target for the prevention of resistance to cisplatin treatment. It is known that the expression levels of pro-apoptotic and anti-apoptotic Bcl-2 family proteins are directly regulated by proteasome inhibition. Therefore, the expression levels of Bcl-2 family proteins may change in response to inhibitors of the ubiquitin proteasome system (24, 25) . Western blot analyses performed in the present study identified no noticeable alterations in the expression levels of Bcl-2 and Bcl-xL following treatment with cisplatin and bortezomib alone, when compared with those of the control. However, the expression levels of Bcl-2 and Bcl-xL were markedly decreased following combination treatment. Furthermore, it was demonstrated that only the expression of pro-apoptotic protein Bik was increased following treatment with bortezomib alone. By contrast, combination treatment resulted in increased expression levels of the two pro-apoptotic proteins Bik and Bim. This accumulation of Bik and Bim indicated the synergistic action of cisplatin and bortezomib on the induction of apoptosis.
In conclusion, the results of the current study demonstrated the potential of bortezomib and cisplatin combination therapy in the treatment of bladder cancer. This effect occurred via the efficient activation of intrinsic and extrinsic apoptotic signaling pathways in T24 cells, by modulation of the balance among Bcl-2 family proteins towards apoptosis. This synergistic effect of combined agents may offer a novel approach to overcome cisplatin resistance, however, additional research using in vivo models is required.
